Objective: To create a general framework for the simulation of intakes from mandatory or voluntary fortification, which will make outcomes of simulation studies more comparable and give insight on uncertainties. Design: A general framework was developed based on methods used in already published case studies of mandatory fortification. The framework was extended to be suitable for the simulation of voluntary fortification. Case studies of folic acid fortification were used to illustrate the general framework.
Originally, the purpose of adding micronutrients to foods and using supplements was to prevent deficiency diseases. Nowadays, there is an additional health focus: the prevention of chronic diseases 1 . Also, it is claimed that the addition of other bio-active ingredients to foods and supplements, like phytosterols, will help to improve health. As a consequence, consumers are currently exposed to higher amounts and different ratios of micronutrients and to a range of new ingredients compared to earlier times. Because of international changes in and harmonisation of fortification policies and the ongoing introduction of new functional foods, the exposure to these ingredients will remain subject to change.
Authorities can influence the intake of functional ingredients from fortified foods by regulating either mandatory or voluntary fortification programmes. In mandatory fortification, all selected products are required to be fortified with certain amounts of a functional ingredient. In voluntary fortification, manufacturers are permitted to fortify (selected) products, but this is not compulsory. For a governmental policy on fortification, it is important to have insights in the current population intake distributions to identify potential nutritional problems and to compare current intakes with any expected intake changes. Calculation of the expected future population intake distribution after fortification is useful for several reasons; to gain insights into the impact of potential decisions of policy-makers and to determine which policy will result in the desired or most optimal effect. At this moment, some specific case studies have been published in which the intake of fortified foods or functional ingredients is simulated [2] [3] [4] [5] [6] [7] [8] [9] [10] . These case studies had different goals, but all of them simulated mandatory fortification. Although these studies had more or less similar methodologies, a uniform framework to simulate the intake of functional ingredients, from fortified foods, other foods and dietary supplements, was not used.
A simulation framework to assess intake is required to perform uniform and systematic comparisons of different exposure scenarios and eventually benefit-risk evaluations. Such a uniform framework will provide a systematic insight on the effect of different food policies and may help policy-makers to choose the most optimal scenario based on quantitative results. In addition, using a uniform framework will make possible the comparison between different policies, studies and countries. The use of a uniform framework will also give insight in uncertainties in the simulation, for instance, caused by lack of data or assumptions made. In this paper, we describe such a framework that will be applicable for many functional ingredients. Of course, because of the enormous variability in functional ingredients, at some points different strategies may be followed, examples of which will be presented. Our framework is illustrated by simulation of both mandatory and voluntary folic acid fortification.
General methodology
Our general framework for the simulation of the intake of functional ingredients at a population level consists of six steps (Fig. 1 ). We will first outline each step and then illustrate the process with simulations of folic acid fortification.
Fortification strategy (step 1) Authorities may influence the intake of functional ingredients by the population through various strategies: (1) promote supplementation, (2) mandatory fortification or (3) voluntary fortification. The fortification strategy chosen depends on, among others, the current intake distribution of the population, the proportion of subjects with an inadequate and/or excessive intake and the desired intake distribution. In addition, factors such as costs and enforcement will also influence the choice of a final strategy.
Carrier products: type of foods and/or supplements (step 2) Next, carrier products need to be selected. In principle, both foods and supplements can be used as carrier products. In the case of mandatory fortification, the target population is a large part of the total population. Therefore, the food(s) chosen should be consumed frequently and by a large proportion of the population. For this reason, supplements are considered not suitable 11, 12 , while staple foods appear to be a good choice.
For voluntary fortification, both foods and supplements can be carrier products. In theory, all foods that technically can be fortified may be a carrier product. However, authorities may select specific products that may or may not be fortified. An example of the latter are alcoholic beverages. Factors like consumer awareness, price and health focus will influence the degree of intake.
For both mandatory and voluntary fortification approaches, international experiences 8, 9 , scientific studies with fortified foods 13 , but also existing/requested (inter)national permissions 5, 14 can be used to select the carrier products. Besides, current consumption distributions of foods can help to choose carrier products that are for example consumed mainly by the target population 6 .
Level of fortification (step 3) Next, fortification levels have to be chosen. These levels may be adopted from international fortification experiences or from levels used in scientific studies. If the aim is to increase the intake in a (sub)population to reach a certain level, the known difference between current intake and desired intake may be used to calculate potential fortification levels 8 . Moreover, (inter)national regulations about the minimum level of the functional ingredient to carry a claim on the product 7 , but also (inter)national set maximum levels for fortification 15, 16 or existing/requested (inter)national permissions 5,14 may be useful. If previous experience is not available, the choice of fortification levels has to be based on the best educated guess. In practice, this will mean that with 'trialand-error', levels are chosen to get close to the aim. Important factors herein are consumption pattern, current intake distribution of the functional ingredient, and if available, the margin between the recommended intake and the tolerable upper intake level (UL).
Food and supplement composition data (step 4)
In order to simulate the intake of functional ingredients, the current composition of the carrier products should be virtually replaced by the composition after fortification. In many countries, national food composition tables are available 17, 18 . However, some specific compounds are not (completely) covered by these tables. The missing composition might be estimated using data from foreign countries, from additional analytical analyses, recipe calculations or from information obtained from experts or manufacturers. Sometimes the functional ingredient is not part of the background (i.e. unfortified) diet. In that case, the functional ingredient should be added to the food composition table to create the virtual food composition.
Supplement composition data are difficult to obtain. Nevertheless, such data are important for the calculation of the total intake of functional ingredients from different sources 19 .
Food and supplement consumption data (step 5)
Because adverse health effects are often the result of a chronic inadequate or excessive intake, long-term exposure is usually of interest. Consequently, habitual (also referred to as usual) intakes should be estimated. Several methodologies are available to assess food and supplement consumption 20 . Long-term methods can be used to assess habitual intake of foods or food groups and when the amount consumed is known, also the habitual intake of nutrients can be used 20 . Short-term methods will give information about actual intakes and can only be used to estimate habitual nutrient intake by statistical correction for day-to-day (i.e. within-person) variation [21] [22] [23] [24] [25] . This day-to-day variation depends on the nutrient, the population under study and seasonal variation in consumption 26 . Consumption data of representative samples of the whole population should be available to extrapolate the results to a population level. However, sample sizes used in national food consumption surveys are often too small to estimate habitual intake of (a) products consumed by only a small subpopulation or (b) products consumed infrequently 27 .
Simulation of total habitual intake (step 6) The next step is simulation of fortification with the functional ingredient. One should remember that functional ingredients can be either the natural substances or their chemical equivalents, which may have different characteristics, e.g. difference in bioavailability. Therefore, ingredient-specific adaptations of the procedure may be necessary.
In the optimal situation, consumption of food and supplements is measured at the same time, in the same representative population (large enough sample size), and with similar methods. In that case, the simulated total habitual intake of the functional ingredient can be estimated by adding up the habitual intake from different sources per individual. However, this 'straightforward' approach is often not possible due to lacking data and a small sample size 11, 28 . In those cases, total habitual intake needs to be estimated based on data measured at different periods, in different study populations, with different methods, or even with some specific data lacking. In the literature, several approaches have been suggested to deal with this less optimal situation 19, 29 . Probabilistic modelling can be used to estimate the total intake of a functional ingredient by combining the intake originating from longterm and short-term methods or from different study populations. Also, if some of the data are unknown, probabilistic modelling can be used to calculate the total habitual intake by imputation of the missing data [30] [31] [32] .
Simulation of mandatory fortification
For the simulation of mandatory fortification, all counterparts of the carrier product(s) will be replaced by virtually fortified products. The virtual food composition data will be combined with the consumption data to calculate the intake of the functional ingredient (i.e. sum of consumed amount 3 functional ingredient concentration).
Simulation of voluntary fortification
In the simulation of voluntary fortification, virtual new food composition data cannot be created as 'straightforward' as described for mandatory fortification, as there are more uncertainties. First of all, it is unknown what the manufacturers will do, e.g. what proportion of carrier product(s) will be fortified and at what fortification level? In voluntary fortification, the fortification levels are more likely to vary compared to mandatory fortification. Secondly, little is known about consumers' behaviour when there is a choice between fortified and unfortified products. The proportion of consumers can be estimated from available (inter)national consumption data, market shares or empirically when no data are available. Thirdly, there are practical problems to perform the simulation because the required data need to be very detailed which is often not the case. Brand-specific consumption data may not be available, and sample sizes in surveys are usually too small to get a representative sample of the consumers of specific or infrequently consumed products. Besides, when short-term methods are used, many participants may not consume these voluntary fortified products at all during the survey, but may not represent true non-consumers 27 . The simulations can be performed by making assumptions for the aspects described above and can calculate the intake distributions given those assumptions. A probabilistic approach, as described by Gibney and McCarthy 30 and Gibney and Van der Voet 31 , in which the probabilities of being a consumer, the frequency of use and the dose per eating occasion are estimated, may be useful (Fig. 2 ) 30, 31 . With this methodology, it is possible to combine the various assumptions based on their probability and quantify the uncertainty caused by these assumptions. When several levels of fortification are assumed, probabilistic modelling can help to predict the probability distribution of the concentration of the functional ingredients in foods.
Case study: folic acid fortification
The framework (Fig. 1 ) described above is illustrated by the simulation of both mandatory and voluntary folic acid fortification in The Netherlands. Folic acid from supplements was ignored in this illustration. Data used in both simulations are described first. Next, the case-specific steps for mandatory and voluntary fortification are presented and several, case-specific, assumptions are discussed. Finally, in the results section, examples of output of the various fortification scenarios are presented.
Data
The most recent Dutch food consumption data for the total population were used, which is the Dutch National Food Consumption Survey-3 (DNFCS-3) (step 5) 33 . Respondents (6250 persons aged 1-97 years from 2564 households) recorded their food intake over two consecutive days. The data were collected in 1997/1998 and were equally distributed over seasons and the days of the week.
Nutrient intakes were calculated by combining individual consumption data with the Dutch food composition table 2001 (step 4) 17, 34 . Since the bioavailability of folic acid is assumed to be higher than that of natural folate, the concentration units were converted into folateequivalents 35 . Whereas 1 mg folic acid in foods equals 1.7 mg folate-equivalents, 1 mg natural folate is equal to 1 mg folate-equivalents 36, 37 . The amounts of functional ingredient added to the products were assumed to be present in the end products.
Because long-term intake was of interest, statistical correction for day-to-day variation was applied using the ISU-method (IML/C-SIDE-software) 38 (step 6) 21, 22 . Intake distributions were calculated for various age-gender groups. Unless otherwise stated, calculations were performed with Statistical Analysis Software (SAS version 9.1; SAS Institute).
Mandatory folic acid fortification
Simulation of mandatory folic acid fortification (step 1) is illustrated with two staple foods as carrier products (step 2). Bread was selected because of the international experiences with mandatory flour fortification [39] [40] [41] . The chosen fixed fortification levels, i.e. 70, 140, 280 and 420 mg per 100 g bread, were based on the level of 140 mg per 100 g flour advised in the USA (step 3) 40 . Half and multiples of this level were selected to get an insight on the effect of different fortification levels. To study the effect of mandatory fortification of different products, a second staple food, i.e. (butter)milk, was selected (step 2). Based on experience in scientific studies, four fixed fortification levels were chosen; 20, 40, 80 and 160 mg per 100 ml (step 3) 42 .
In the food composition table, each level of folic acid was added to all (whole) bread or (butter)milk products except for raw milk (step 4). Total dietary folateequivalent intake was calculated by summation of the total intake of natural folate and folic acid, expressed as folate-equivalents. It was assumed that observed non-consumption on both reported days was true nonconsumption.
Voluntary folic acid fortification
Recently several food products (specific brands) got exemption for voluntary folic acid fortification in The Netherlands (www.row.minvws.nl). Of these products, we chose margarine as an example in the simulation of voluntary fortification (steps 1-2). The fortification level of 500 mg per 100 g stated in the application of the manufacturer was used as fixed fortification level in the simulation (step 3).
The proportion of margarine consumers who will use the fortified alternative in the near future is unknown. It was assumed that the market share of the brand in question would be a good indicator, in this case estimated at 30% (GfK Panel Service Benelux). Furthermore, the observed non-consumption on both reported days was assumed to be true non-consumption. Thirty per cent of the margarine consumers on the first observation day were randomly assigned to use folic-acid-fortified margarine. We assumed that all margarine consumers on day 1 had an equal chance to use the fortified margarine and were 100% brand loyal. Because it is unknown which 30% of the margarine consumers will use the fortified margarine, a random assignment was performed 100 times to get an insight on this uncertainty. For each of the 100 assignments, the habitual intake was estimated separately.
Results of case study simulations
Both the results of the simulation of mandatory and voluntary fortification are illustrated only for women aged 19-50 years (N 5 1636, pregnant and lactating women excluded).
Mandatory fortification
The habitual intake distribution of folate-equivalents after simulation of mandatory fortification of bread is presented in Fig. 3 . In comparison to the background diet (i.e. without fortification), the four fortification scenarios show a shift of the total distribution towards higher intake levels (Fig. 3) . This can be explained by the fact that almost all subjects consumed bread. Besides, the intake distributions become wider after fortification. As expected, the higher the fortification level, the wider the distribution of intake levels. The confidence intervals around the curves express only the uncertainty of the estimation of the habitual intake of folate-equivalents using the ISU method, and not any other uncertainty due to, for example, errors in consumption or food composition data. The 95% confidence intervals become wider with an increasing fortification level.
The results of the mandatory folic acid fortification of (butter)milk (Fig. 4) are similar to the results of the mandatory fortification of bread. Again, the distribution becomes wider after fortification. In contrast to the mandatory fortification of bread, the left tail of low folate-equivalent intake remains at an intake level similar Fig. 3 Habitual intake of folate-equivalents without (background diet) and with mandatory fortification of bread with folic acid (four different levels) with 95% confidence intervals of habitual intake for women aged 19-50 years Fig. 4 Habitual intake of folate-equivalents without (background diet) and with mandatory fortification of (butter)milk with three different levels of folic acid, shown with 95% confidence intervals of habitual intake, for women aged 19-50 years to the background diet. This is due to the fact that there are more subjects not consuming (butter)milk compared to bread. For the highest fortification level (i.e. 160 mg per 100 ml), the habitual folate-equivalent intake could not be estimated, probably because of problems with the transformation to a normal distribution. At a fortification level of 80 mg per 100 ml, the intake distribution is not as fluent as the distributions for lower fortification levels. A plot of the probability density of the intake levels shows a distribution curve with two peaks (data not shown).
Voluntary fortification
The 100 simulated habitual folate-equivalent intake distributions after voluntary fortification of margarine are pictured in Fig. 5a . In comparison with the intake distribution of the background diet, the intake distributions after voluntary fortification are more positively skewed to the right. The left tails of the intake distribution of the background diet and the distribution after voluntary fortification are comparable, representing consumers that do not use fortified products. The folate-equivalent intake range in voluntary fortification becomes wider Fig. 5 (a) Habitual intake distribution of folate-equivalents of 100 random samples of which a uniform sample of 30% of the margarine-users consume fortified margarine (grey lines) and the habitual intake distribution of folate-equivalents from the background diet (i.e. no fortification) (black dotted line) for women 19-50 years (100% brand-loyalty). Part of the graph that lies within the oval is pictured enlarged in Fig. 5b. (b) Upper part of the habitual intake distribution of folate-equivalents of 100 random samples of which a uniform sample of 30% of the margarine-users consume fortified margarine (grey lines) for women aged 19-50 years; in white dotted lines P10, median and P90 are pictured to quantify the variation between the 100 samples compared to the background diet and mandatory scenarios.
The differences between the 100 curves reflect the uncertainty of the simulated intake, resulting from the uncertainty which 30% of the margarine consumers will use the fortified margarine. Figure 5a shows that the uncertainty is largest in the top part of the curve. This part is shown in more detail in Fig. 5b , giving the median, 10th and 90th percentiles of these 100 intake distributions.
Discussion
In this paper, a general framework for the simulation of the intake of functional ingredients from fortified foods but also from other sources (e.g. other foods and dietary supplements) is described.
Framework
The framework we presented is generally based on a combination of strategies used in already published case studies of simulated mandatory fortification [2] [3] [4] [5] [6] [7] [8] [9] [10] . The aim of these case studies was diverse, which likely resulted in the different methods applied. In addition, lack of data and differences in available data may also have had influence on the choice of the method used. In our framework, all steps needed in the simulation of fortification are described in general. Within this framework, it is possible to perform simulations using different types of data and data from various sources, and to give an insight on the resulting uncertainties. Furthermore, the calculation of habitual intake to estimate long-term exposure is a standard procedure in our framework. In addition to the simulation of mandatory fortification, the framework is also applicable for the simulation of voluntary fortification. To our knowledge, at this moment, no (case) studies on the simulation of voluntary fortification have been published.
As shown in our framework, the simulation of mandatory fortification is more straightforward than the simulation of voluntary fortification and requires fewer assumptions. For mandatory fortification, assumptions that are needed concern the type of carrier products, the level of fortification and -when food consumption is assessed with short-term methods -the observed nonconsumers vs. true non-consumers. Whereas for the simulation of voluntary fortification, additional assumptions regarding the market share of the fortified foods, the proportion of and the distribution within the population or subgroups of the population that will consume fortified foods (regular or incidental) are needed. These assumptions will result in uncertainty in the final estimated intake distributions. Moreover, uncertainties in the observed consumption data and available composition data will be of influence in all simulations 19 . We plea for an explicit description of the uncertainties, if possible by quantitative estimations of the effects of the uncertainty on the final outcome (for instance, as confidence intervals). When quantification of some uncertainties is not possible, which may often be the case, they should be described thoroughly.
In addition to scenarios mainly based on changes in food supply as described in our paper, scenarios based on changes in consumption patterns may also be expected due to, for instance, publicity campaigns. Our framework can easily be extended for this purpose by virtually changing the consumption data, for instance by increasing the number of subjects who will consume a specific food or changing the consumed amount.
Habitual intake
Effects of nutrition are often long term; therefore, habitual exposure is of a greater meaning than acute intake levels. However, long-term intake data are scarce. With foodfrequency questionnaires, habitual intake (often over a month or year) can be estimated immediately, though the questionnaires are often qualitative or semi-quantitative, and cover only part of the food supply (i.e. several hundred products). Food consumption surveys usually assess diet by short-term dietary assessment methods that cover only several observation days. With statistical procedures, observed intake can be corrected for withinperson variation to estimate habitual intake. Several statistical methods have already been developed to estimate the habitual intake of nutrients or food(group)s [21] [22] [23] [24] [25] . These statistical procedures cannot be applied to consumption data with only one observation day per subject. Some of the assumptions made in these statistical methods, like a smooth distribution and homogeneous within-person variation, may be violated due to simulated fortification practices 43 . This may result in data that cannot be transformed to a normal distribution (as is required in some methods) or problems with the estimation of the within-person variation. An adaptation of the current methods is needed to correct the data for within-person variation if the assumptions of current statistical methods are not met. Perhaps, correction for the within-person variation can be done for specific cluster groups which have homogeneous within-person variation (Carriquiry, 2006, personal communication) .
Case study
We have illustrated the general framework with case studies for mandatory and voluntary folic acid fortification. At this moment, four case studies of mandatory folic acid fortification are published 6, [8] [9] [10] . When these four case studies were compared with our framework, several differences in the simulation method were found. Only one study has estimated the total intake in folateequivalents, like in our study 9 . The other three studies have calculated the folic acid intake from fortified foods only 8 , summed the intake of folic acid from fortified foods and supplements, without taking into account differences in bioavailability 6 , or added up intake of dietary folate and folic acid from different sources without correcting for the difference in bioavailability 10 . Two studies took into account the intake from dietary supplements 6 . Several of the above-described problems with the calculation of the habitual intake were also faced in these case studies.
The assumption that observed non-consumers on the study days are habitual non-consumers will often be incorrect. It is therefore better to estimate the probability of consuming a certain amount on each day. Additional data about the propensity of consumption during a longer timeframe are of use to make valid estimations 44 . In the voluntary approach, 30% of the (low-fat) margarine users were uniformily sampled to be a consumer of fortified (low-fat) margarine. It is unlikely that the chance that somebody will be a consumer of fortified products is equal for the whole population 45 . An insight on determinants of food consumption may assist in taking valid conditional samples out of the population.
Conclusion
The general framework we presented for the simulation of the intake of functional ingredients from different sources can be applied for a range of aims. Important uses of our framework are getting an insight on changing intake distributions due to changes in, for instance, policies or consumption, finding out the optimal fortification scenario to create an intake of the population between recommendations and the UL, or risk-benefit analyses. A novelty of this framework is that it can be used to estimate intakes not only from mandatory fortification but also from voluntary fortification, as was illustrated by the case study.
The framework describes the different steps required for the simulation of intake and the required data. Even with incomplete data, or data from different sources, the (habitual) intake distributions can be estimated using assumptions, statistical procedures or probabilistic modelling approaches. The relevant outcome measure is, in most instances, the population distribution of habitual total intake. It is important that the whole procedure of simulation of fortification is described well, so that an insight can be given on the uncertainties and knowledge gaps to be filled in future. Besides, using and describing the same general framework as a basis will help to make outcomes from different studies (and countries) better comparable.
